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Abstract:

We present on a design change and addition of an internal polyethylene glycol (PEG)
spacer to an existing biosensor. There were two reasons for changing the sensor design. The first
was to increase the stability of the biosensor against binding off-analytes with single nucleotide
polymorphisms. The second was to prevent sensor degradation by nucleases. The biosensor,
designed for detection of short non-coding RNA strands, is composed of Reporter and Probe
nucleic acid strands that form a partially-complementary duplex. The internal PEG was added to
the Reporter, and subsequently diminished false negatives that resulted from off-oligonucleotides
binding. Furthermore, the PEG eliminated degradation of the sensor by DNasel endonuclease.
Currently, in situ and crude cell lysate RNA analysis is hindered by nonspecific interactions and
degradation by endogenous nucleases. Together, the design changes presented here mitigate

these matrix effects and allow for robust RNA analysis in complex medias.

Introduction:

2

ACS Paragon Plus Environment



Page 3 of 38

oNOYTULT D WN =

Analytical Chemistry

Current methods to analyze RNA or protein rely on accurately and efficiently detecting
small changes in expression'. Measuring changes in expression of RNA is interesting because
RNA levels change prior to the expression of proteins®*. The need to monitor RNA changes in
situ exists because expression depends on the cell state and type. Furthermore, healthy and
diseased tissue exist as heterogeneous collections of cells with different RNA expressions
throughout the cell population®®. Monitoring RNA with quantitative-real-time-Polymerase Chain
Reaction (QRT-PCR) and microarrays requires extracting and purifying all RNA from cells’”.
However, location specific information is lost and low RNA expression can be diluted below the
detection limit®. Thus, developing nucleic acid (NA) based sensors with the potential for

intracellular analysis is an active field of research’.

Programmable Watson-Crick base pairing, low cost of synthesis, ease of conjugation

with reporter molecules, and intrinsically high affinity for complementary nucleotides make NA

10-12

sensors attractive ' ~. Promising in vitro results indicating the power of NA sensors, include: 1)

femto- to nanomolar limits of detection, 2) wide linear range, and 3) short time-to-result’™">.

However, applying NA sensors in situ or in crude cell lysate is limited by false signals from off-

analyte oligonucleotides that interact with the sensor and by endogenous nucleases that degrade

14-1
the sensor'*!7.

Small non-coding RNA range in size from approximately 20 to 100 nucleotides, and examples
include: microRNA, small interfering RNA, piwi-RNA, and small nuclear RNAs. Expression of these
transcripts is dynamic, and copy numbers can range from 1 to 50,000 copies’. This corresponds to a
concentration range of approximately 2 pM to 80 nM in a cell of 1 pL volume. Irregular expression of
small ncRNAs has been recorded in several cases (e.g. healthy cells, cancers, neurological disorders, and

18-28

cardiovascular disease) ~ ", making them a relevant biomolecule to study. Current NA sensing
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technologies are best for long nucleotide strands (predominantly messenger RNA)'. Due to short length of
small RNA, current sensor designs often struggle to differentiate between one or two base pair

mismatches and reach pico- to nanomolar sensitivity with minimal false signals.

Sensing small RNA strands is challenging due to the size and sequence similarity of

RNAs in the same family’. Some small ncRNA (e.g. , miRNA) have family members that often
express simultaneously and only differ by a few bases, called single nucleotide polymorphisms
(SNPs)®. NA sensors generally rely on complementary hybridization between a portion of the
sensor and the nucleotide analyte; and depends on thermodynamics driving the system toward
analyte binding. One thermodynamic challenge, specific to sensing short RNA strands, is that
complexes formed between the sensor and analyte have a wide range of melting temperatures,
dependent on the G/C content of the analyte’. This, coupled with the presence of SNPs of the
analyte, requires innovative technologies to create more robust NA sensors for short nucleotide

analytes in complex biological medias’.

The current gold standards for in situ analysis of nucleotide strands are Fluorescent /n
Situ Hybridization (FISH)**, molecular beacons™’, and SmartFlares®'. the Supporting Information
(SI Introduction) has a description of these technologies and places for improvement. Molecular
beacons and SmartFlares™ rely on disrupting a quencher-dye pair to turn the signal ON. This is
problematic because there are many nonspecific matrix effects that can separate the dye and
quencher, leading to false signals. To address these issues, we have previously developed a
strand-displacement biosensor that forces Forster Resonance Energy Transfer (FRET) dye-pairs
together to turn the signal ON*%. The FRET-enhancement transduction mechanism is
advantageous over the quenching mechanism because there are fewer matrix effects that will

force a donor- and acceptor-dye together.

4
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Although our biosensor has made advancements in the field of small ncRNA sensing’,

additional challenges must be overcome before it is ready for in situ application or work in raw-

oNOYTULT D WN =

cell lysate. Specifically, changes must be made to mitigate off-oligonucleotide interactions and
10 degradation by endogenous nucleases®. The challenges of measuring nucleic acids in situ and

within complex cellular matrices are well documented and must be addressed''>.

In this work, we systematically investigated the performance of two new sensors in terms
18 of off-analyte binding, enzyme degradation, and limit of detection. A previous Reporter+Probe
20 sensor design served as a control to determine the efficacy of the design and chemical changes.
We changed the design by adding a stem to the Probe strand, on the 3’ end. The chemical change
25 made was to replace non-functional DNA with an internal polyethylene glycol (PEG) spacer on
27 the Reporter strand. Given the biosensor has two oligonucleotide strands, we considered off-

29 oligo interactions for both the Probe and Reporter strands. The new biosensors were made for
miR29b-1-5p, as model to test the sensor's design. We will discuss how changes to the chemical
34 make-up and molecular architecture were instrumental in creating a more stable biosensor. To

36 the best of our knowledge, this study is the first to incorporate an internal PEG spacer for the

purpose of mitigating false signals due to nuclease degradation and nonspecific binding.
Experimental:
Oligonucleotide Sequences and Sample Preparation

All oligonucleotides were purchased from Integrated DNA Technologies, except the
50 Probe. The Probe was purchased from Exiqon. Oligonucleotides were diluted in a phosphate
52 buffered saline (PBS), containing 10 mM Tris buffer, 2.5 mM MgCl,, and 0.005% Tween 20

>4 (obtained from Fisher Scientific, used as received); for simplicity, this solution will now be

58 5

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry Page 6 of 38

referred to as a ‘PBS solution’. All solutions containing Reporter and Probe oligonucleotides
were prepared to contain a final concentration of 100 nM. For a more detailed description of the

sample preparation and concentration verification see SI Experimental.

Fluorimeter Set Up and Signal Processing

In-depth descriptions of the fluorimeter, spectroscopic apparatus, and data acquisition are

provided in SI Experimental.

Limit of Detection Analysis in Cell Lysate

To determine if the internal PEG spacer affected the RNA-sensing capabilities of the
biosensor, calibration curves were constructed for both the DNA-Sensor and the DNA+PEG-
Sensor in MCF-7 cell lysate. Details on how the samples were prepared are in the SI

Experimental.

Off-analyte interactions with Probe or Reporter strand

This biosensor is designed to detect a DNA copy of mmu-miR29b-1-5p. (DNA was used
due to increased stability during storage, mmu = Mus musculus, mouse.) The single nucleotide
polymorphism (SNP) off-analyte was mmu-miR29b-2-5p, a biologically relevant miRNA in the

same family as the analyte (see Table S1A to compare the sequences).

Susceptibility to false positives was tested by comparing the Cy5 signal change in
response to miR29b-2-5p or a mixture of an Off-Analyte Cocktail (containing miR26a, miR27a,
miR 146a, miR146b, and miR146a-3p). The off-analytes in the ‘Off-Analyte Cocktail’ have no
sequence similarity to the analyte. A detailed description of the sample prepration can be found

in SI Experimental.

6
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The Reporter+Probe biosensor may be susceptible to off-oligonucleotides interacting
with the Reporter. In order to determine the Reporter’s susceptibility to off-oligo interactions, an
oligonucleotide (referred to as “12-mer”) that was partially complementary to the Reporter was
purchased. Susceptibility to false negatives was tested by comparing the Cy5 signal change in

response to the 12-mer binding to Reporter.
False Negatives from Nuclease Degradation

To analyze the sensor’s ability to withstand nuclease degradation, we compared the
fluorescent signal with and without nuclease added. Two endonucleases were tested: S1
endonuclease and DNasel. After endonuclease treatment, the fluorescent signal of each sample

was then collected at room temperature.

Specific details regarding sample preparation with DNasel and S1 endonuclease is
provided in SI Experimental. Briefly, samples of 100 nM Reporter, 100 nM Reporter+Probe, and
100 nM Reporter+Probe+miR29b-1-5p were examined both with and without each endonuclease
added. The S1 endonuclease was purchased from Promega and stored at -20 °C. Based on work
by Chen et al."*, 0.05 U/uL of S1 endonuclease was added to each solution and final volume was

brought to 200 pL in 1x S1 Buffer.

DNasel endonuclease was purchased from New England BioLabs Inc. and stored at -
20°C. Sample treatment was similar to that of S1, but the solutions were treated to 250 U/uL
DNasel endonuclease and the final volume was brought to 200 pL. The final concentration of

DNasel was based on work by Yang et al.*”.

Theory:

Changes to Probe Design and Reporter Chemistry

7
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The biosensor here is composed of two partially complementary DNA strands, referred to
as the Reporter and the Probe. The Probe is fully complementary to the analyte strand. The
biosensor’s recognition mechanism relies on the analyte binding to a region on the Probe (called
the toehold region) and displacing the Reporter from the Probe (see Scheme 1). On distal ends of
the Reporter are fluorescent dyes capable of Forster Resonance Energy Transfer (FRET). In the
Reporter+Probe complex, the dyes on the Reporter are far apart forcing the acceptor-dye (CyS5)
into the OFF state, emitting a very weak signal. The Reporter is displaced from the probe by the
analyte and folds into a hairpin. When the Reporter forms a hairpin, the dyes are brought within
the FRET distance. In the hairpin conformation, the donor-dye transfers energy to the acceptor-

dye (turning the acceptor-dye signal ON).

¢’ +
.

Cy5 ; Cy5
OFF ON
Reporter+  ncRNA Probe+ Reporter
Probe ncRNA

Scheme 1: Biosensor’s Recognition and transduction mechanism. The biosensor has a
Reporter and a Probe DNA-strand. Cy3 is excited by 945 nm light that does not excite Cy5 well.
In the Cy5 OFF state, the Cy3 dye is excited but is too far from CyS to transfer energy. The
analyte binds to the toehold region in the Probe (unbound gray portion). The analyte (gray)
displaces the Reporter from the Probe. The Reporter then folds into a hairpin, bringing the distal
dyes together and within the FRET distance, Cy3 transfers energy to CyS5, and the Cy5 signal
turns ON. Reporter colors: Pink = non-complementary region, Green = complementary to probe,
blue = hairpin-stem complementary regions.
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The Probe+analyte complex must be more stable than the Reporter+Probe complex, so
that Scheme 1 will be driven towards the products. The formation of Reporter+Probe is
dependent on both thermodynamics and kinetics, though the focus of this work will be primarily
on thermodynamic stability and experimental data driven by the thermodynamic analysis. The
stability of the Probe+analyte complex is determined by the sequence of the analyte. In order to
increase the AG between Reporter+Probe to Probe+analyte, four Locked Nucleic Acids (LNAs)
were strategically added to the Probe in locations that only bind to the analyte, and not the
Reporter. LNA base pairs are known to have a higher binding affinity than canonical NAs,
meaning a more stable Probe+analyte complex™®. By selectively placing the LNAs in regions of
the Probe that binds the analyte, we were able to increase the favorability of Probe+analyte
formation over Reporter+Probe. The sequences and predicted thermodynamics of the Probe,
Reporter, and other oligonucleotides for this study are found in Table S1B of the Supporting

Information.

The first change made to the biosensor was adding a DNA segment on the 3’ end of the
Probe that was complementary to all but one nucleotide in the Reporter stem (but not the
analyte). the stability of the Reporter+Probe complex was increased by adding this DNA
segment. This region, termed ‘Probe stem’, allowed for greater control over the thermodynamics

of the Reporter+Probe complex.

The Probe was previously designed to be an exact reverse complement of the analyte®’,
referred to here as Probeno siem. Figure 1A and Scheme 1 show Reporter+Proben, seem. The design
change made to this sensor can be seen in Figure 1B (‘DNA-sensor’ is the Reporter+Probe, or
‘DNA-Reporter’ when it is the Reporter strand alone). We named the Reporter ‘DNA-Reporter’

to differentiate it from the chemically modified ‘DNA+PEG Reporter’ described below.

9
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Ultimately, Proben, stem Was never synthesized because the predicted equilibrium
concentration was only 44.13 nM at 37°C for a mixture of 100 nM Reporter with 100 nM
Proben, stem (Figure 2A). By adding a Probe stem the predicted concentration of Reporter+Probe

increased to 99.66 nM (Figure 2B).

10
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Figure 1: Biosensor designs. The *** denotes the region of the Probe that is complementary to
the analyte. (A) The biosensor design from previous work. The Probe was partially
complementary to the Reporter and entirely complementary to the analyte. (B) The first change
was adding a 3° Probe-stem that was complementary to the Reporter’s stem. The Probe stem was
not complementary to the analyte. (C) The second change was to replace the non-complementary

Analytical Chemistry
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B 100.00
90.00
— 80.00
E 70.00
5 60.00
‘® 50.00
QC, 40.00
o
g 30.00
O 50.00 44.13 nM
10.00
0.00
20 25 30 35 40 45 50
Temperature (°C)
[Reporter] (nM) [Probe (no stem)] (nM) =e=[Reporter+Probe (no stem)] (nM)

Figure 2: Predicted equilibrium concentrations of solutions containing 100 nM Reporter
and 100 nM Probe, (A) without and (B) with a Probe stem. The Probe stem, brought the
biosensor’s predicted equilibrium concertation from 44.13 % Reporter+ Probeng stem, t0 99.66%
Reporter+Probesim. The predicted concentration of the biosensor ([Reporter+Probe]) is the black
line. The total predicted concertation of unbound Reporter and Probe are indicated by green and
blue lines, respectively. Unbound [Reporter] is approximately equal to unbound [Probe], so the
green line for unbound [Reporter] cannot be seen on the graphs.

Instead of adding a Probe stem, the stability of the Reporter+Probe complex could have
been improved by increasing the number of complementary base pairs between the Reporter
strand and the Probe strand. However, when the number of complementary bases between the
Reporter and Probe are increased, the toehold region on the Probe is shortened. When the
toehold region was shorted, the Probe had three fewer open bases to initiate binding to the
unbound analyte. Therefore, decreasing the number of bases in the toehold region may reduce

the analyte’s ability to displace the Reporter.

An example of a Reporter+Probe complex that is stable at 37°C without a Probe stem can
be found in Figure S1. Although the predicted concentration of this Reporter+Probe increased to
99.60 nM, the toehold region on the Probe was reduced to 4 bases, all of which were weak (A/T).
Shortening the toehold region hinders the recognition mechanism because the analyte may not
bind to the Probe. Conversely, by adding a Probe stem we were able to increase the predicted

equilibrium concentration and maintain the length of the toehold region.

13
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The second change made to the biosensor was to replace the Reporter’s non-
complementary region with an internal polyethylene glycol (PEG) spacer. The region of the
biosensor known as the ‘non-complementary region’ is not part of the hairpin’s stem and is not
complementary to the Probe. In Scheme 1, the non-complementary region is shown in pink. The
sequence of the non-complementary region is determined by an in-house MATLAB code,
described in previous work™®. For details on the code and predicted thermodynamics from the

RNA Institute at SUNY Albany see the SI Theory section®”.

We hypothesized that an internal PEG spacer in the non-complementary region would
reduce off-oligo interactions and disguise it from enzymes. The location of the internal PEG
spacer for this sensor (referred to as ‘DNA+PEG-Sensor’ or ‘DNA+PEG-Reporter’) can be seen

in Figure 1C as a dashed purple line.

In this study, we compared two biosensors for mmu-miR29b-1-5p that each have a stem
on the Probe strand that is complementary to the Reporter stem (Figure 1B, C). One Reporter
strand was composed entirely of DNA, and the other Reporter strand had an internal PEG spacer
in between DNA segments. The region of the Reporter that was replaced with a PEG spacer had
no intended binding-function, thus the addition of a PEG was not expected to impede RNA

sensing ability.

Predicted Probe Selectivity

Off-analyte (OA) interactions occur when the Probe+OA complex is more stable than the
Probe+Reporter, such that the OA can displace the Reporter from the Probe. By adding a Probe
stem there is more control over the thermodynamics of the Reporter+Probe complex, ultimately

allowing for increased predicted stability and selectivity (more information is in SI Theory).

14
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1

2

2 As shown in Table 1, Probeyy stemtmiR29b-2-5p was slightly more stable than

Z Reporter+Proben, stem (MiR29b-2-5p is a SNP from the same family as the intended analyte).

7

8 This indicates that miR29b-2-5p may displace the Reporter from the Probey, seem and result in a
9

10 false positive. However, by adding a stem on the Probe, the Reporter+Probeg., was significantly
11

g more stable than the Probeg,tmiR29b-2-5p complex. We chose to continue with the added stem
14

15 on the Probe because this biosensor is expected to discriminate against single nucleotide

16

17 polymorphism (SPN) off-analytes.

18

;g Table 1. Predicted binding thermodynamics of the Probe strand, with and without a Probe
2 stem

22

23 AG Tm

24 (kcal/mol) | (°C)

;2 ‘Probe’ has NO stem

27 Reporter+Probenp stem -14.4 46.8

;g (OA): Probeyo siem 152 497

30 +miR29b-2-5p

31 (A) Probeno stem -23.3 62.0

32 +miR29b-l-5p

2431 ‘Probe’ has stem at the 3’ end

35 Reporter+Probe -21.4 58.9

36 (OA): Probe -15.2 | 49.7

37 +miR29b-2-5p

gg (A): Probe+miR29b-1-5p 235] 612

40 *OA = off-analyte; A = Analyte.

41

42

43 Results and Discussion:

44

45 Probe Selectivity

46

47

22 Scheme 1 shows that the Cy5 signal is OFF in the Reporter+Probe conformation and

g? turns ON when analyte is added. A false signal would have resulted if the Cy5 signal turned ON
52

53 in the presence of an oligonucleotide strand that was not the analyte.

54

55

56

57
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The analyte, mmu-miR29b-1-5p, has 1 isoform, mmu-miR29b-2-5p, that is missing a 5-
prime Guanine (G) and has two internal single nucleotide polymorphisms (SNPs) (see SI Table
S1A for sequence comparison). As expected from in silico predictions, the experimental results
confirmed the Reporter+Probe had selectivity against SNPs (Figure S3). Figure S3A shows that
the DNA-Sensor had a large change in CyS5 signal in the presence of the analyte (mmu-miR29b-
1-5p), and no significant change in signal in the presence of the SNP off-analyte (mmu-miR29b-
2-5p). Similar results were obtained for the DNA+PEG-Sensor (Figure S3B). In addition, neither

sensor responded to cocktails of non-related sequences.

The data shows that both the DNA-Sensor and the DNA+PEG-Sensor were not
susceptible to false positives from off-analytes, even from SNP sequences. These results are
promising because it is necessary to develop highly selective biosensors for in situ, raw-cell
lysate, and crude tissue analysis because multiple similar RNA strands can be expressed at the

same time.

Reporter Selectivity

Unlike the Probe, predicting specific off-oligonucleotides that would interact with the
Reporter was more difficult because it was not designed to bind to a transcript that would have
known isoforms. For this reason, we created an off-oligonucleotide strand (termed “12-mer” due
to its length) that partially bound to the Reporter. The area that an endogenous oligonucleotide
would likely interact with the Reporter to cause false signals is the region with exposed
nucleotides. Thus, the sequence of the 12-mer was the complement to the Reporter’s non-
complementary region and the Reporter’s 3-prime stem (pink+blue Reporter regions in Scheme
1).

16
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Figure 3 shows that the Cy5 signal decreased (p <0.05) when the 12-mer was added to
the DNA-Reporter. The decrease in signal symbolizes a false negative (i.e. first the Reporter
hairpin forms due to the presence of the analyte, but then the Reporter was re-opened by the 12-
mer and the signal turns OFF as if the analyte was not present. Conversely, when the 12-mer was
added to the DNA+PEG-Reporter the Cy5 signal did not change (p <0.05, Figure 3). The results
indicate that the internal PEG spacer mitigated false negatives that result from off-oligomers

binding to the Reporter strand.

Although the 12-mer was not a known short RNA transcript, the specific sequence of the
12-mer occurs 3 times in the mouse transcriptome (reference transcriptome provided by
Ensembl)*2. When considering a sequence of only 10 of the 12 nucleotides (i.e. the first 10, the
middle 10, or the last 10 of the 12-mer), the number increased to a total of 218 occurrences.
Although this data does not give information regarding the frequency or expression of those
transcripts, it did provide evidence that the 12-mer was a valid concern for off-oligonucleotide
interactions with the Reporter. Additionally, it is widely accepted (primarily for PCR primers)
that approximately 10 base pairs are necessary for two strands to anneal. Therefore, the 12-mer

strand represents a real concern for off-oligo interactions in biological matrices.

To ensure that the Probe could not be displaced from the Reporter by the 12-mer, we
added the 12-mer to the respective Reporter+Probe samples. When the 12-mer was added to
DNA+PEG-Reporter+Probe sample there was not a change in signal. Conversely, the DNA-
Reporter+Probe sample resulted in a decrease in Cy5 signal (Figure S2). This result was
surprising because Reporter+Probe conformation was the OFF state (or baseline) level of the

biosensor.

17
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The decrease in Cy5 signal of the DNA-Reporter+Probe after the added 12-mer was most
likely due to residual Reporter strands existing in the hairpin conformation instead of the
Reporter+Probe complex. Although over 99% Reporter+Probe was predicted to form (Figure
2B), these experimental results indicated that there was some fraction of Reporter strands still in
the hairpin conformation (ON) that could be opened (OFF) to decrease the signal further. By
incorporating a PEG spacer into the Reporter strand we were able to avoid such false signals
from off-oligos binding to the Reporter hairpin.

r 1 N

o o o
IS =Y Y -

Normalized Intensity

o
N

Figure 3: Interference by off-oligonucleotide ‘12-mer’ binding to Reporter strand. The Cy5
signal of the DNA-Reporter decreased due to the presence of the 12-mer (blue bars, * p<0.05, N
= 3). Conversely, the Cy5 signal of the DNA+PEG-Reporter did not change in the presence of
the 12-mer (green bars). Adding the PEG spacer resulted in a more robust biosensor that reduces
susceptibility to off-oligomer related false signals. The signals were normalized to the Cy5 signal
of 100 nM Reporter for both the DNA-Reporter system and the DNA+PEG-Reporter system,
respectively. Error bars represent the standard deviation between trials. Samples were excited at
945 nm.

Nuclease Degradation

For future in situ work to be successful, nucleic acid biosensors must evade damage from
nucleases. We compared the newly designed DNA-Sensor and DNA+PEG-Sensor, to our

previous biosensor design (Sensor-25)*'. Sensor-25 was compared to the new sensor designs

18
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because Sesnor-25 did not have the Probe stem nor an internal PEG spacer on the Reporter.

Table 2 outlines the differences among the three biosensors.

Sensor-25 (previously named ‘miR-26a-R1”) was designed for a different analyte than
the DNA-Sensor and DNA+PEG-Sensor’®. For this reason, it was not included in the selectivity
studies. However, because the analyte does not majorly affect how nucleases degrade sensors,
Sensor-25 served as a reference point to an unmodified design. All three sensors have Locked
Nucleic Acids (see SI Table S1B). Of note, the change in intensity from OFF state to ON state is
noticeably smaller for Sensor-25 than for either DNA-Senor or DNA+PEG-Sensor (Al based on

data without added nuclease from Figure 4).

Table 2. Notable differences between the three biosensor designs.

Sensor- DNA- | DNA+PEG
25 Sensor -Sensor
Probe stem No Yes Yes
Chemical DNA DNA DNA &
Make-up PEG
Temperature | 25 °C 37°C 37°C
for sensing
miRNA
LNAs Yes Yes Yes
present
Analyte mmu- mmu- mmu-
miR26a- | miR29b- | miR29b-1-
2-3p 1-5p Sp
AloFr 0N 7605 + 42157 + 41352 +
(counts) 639 1721 7538

First, we will discuss sensor how the sensors hold up to S1 endonuclease , which
typically targets single stranded DNA (ssDNA)* — such as the Reporter hairpin. If the Reporter

hairpin was degraded by S1 endonuclease, then we expect the Forster Resonance Energy
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Transfer (FRET) between the dyes to be disrupted, and the Cy5 signal would decrease because it

is no longer receiving energy from Cy3.

To determine if there was a difference between the extent to which S1 endonuclease
degraded the 3 biosensors, the changes in signal due to nuclease degradation were compared —
the results are shown in Figure S4. For all sensors, there was no significant change of signal for
the Reporter hairpin or the Reporter+Probe samples. However, all 3 sensors showed a significant

decrease in Cy5 signal for the Reporter+Probe+Analyte sample (Figure S4).

The decrease in Cy5 signal indicates that the donor and acceptor dye were separated due
to Reporter hairpin being degraded by S1 nuclease. These results were surprising because the
Reporter strand exists in a hairpin configuration for both the 100 nM Reporter and 100 nM
Reporter+Probe+Analyte samples. Because both samples have reporter hairpins, we expected
that both (or neither) samples would show evidence that the Reporter hairpin was degraded.
However, the results indicate that the Reporter hairpin was degraded in the 100 nM
Reporter+Probe+Analyte sample but not in the 100 nM Reporter sample. These unexpected

results and a possible explanation are detailed in Figure S4 and caption.

Although unexpected, the observed nuclease related damage of the
Reporter+Probe+Analyte samples was consistent for all biosensor designs. Among the 3
biosensors, we did not observe any statistically significant difference in the average percent
change of signal intensity (%AIl) due to S1 degrading the sensors. For Reporter-25, DNA-
Reporter, and DNA+PEG-Reporter, the average %Al of the Reporter+Probe+Analyte samples
was -14.4 £2.97%, -13.5 + 3.56%, and -18.4 £ 1.49%, respectively (Figure S5, a detailed

description of the (%Al) calculation is in SI Results and Discussion). These results indicate that
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changing the design and chemical make-up of the sensor did not mitigate or exacerbate

degradation by the endonuclease.

Next, we determined the extent to which DNasel endonuclease would degrade the 3
biosensor designs. DNasel has ~ 500 times greater affinity for double stranded DNA (dsDNA)
over ssDNA®'. The Reporter+Probe complex is primarily dsDNA, and we have previously

reported on false positive and negative signals due to DNasel damage to the Reporter+Probe’’.

In the previous Reporter+Proben, stem design (Figure 1A), the Reporter hairpin stems
extend beyond the Probe as ssDNA; we hypothesized that when the Reporter+Probe complex
was degraded by a dsDNA nuclease, the Reporter stems survived and were able to rehybridize
and change the signal’’. By adding a 3’ Probe stem (complementary to the 5> Reporter stem) we
expected to reduce the possibility of DNasel degrading the biosensor, but sparing the stems of

the Reporter hairpin.

As expected, Sensor-25 showed a significant change in signal for all Reporter
conformations (Figure 4A), indicating that DNasel degraded the Reporter hairpin and the
Reporter+Probe of Sensor-25. The CyS5 signal for Reporter-25+Probe (OFF state) decreased after
DNasel was added. In contrast to previous data, the stems of Sensors-25 did not appear to re-
hybridize because if they did, then the Cy5 signal would have increased after the dSDNA portion

of Reporter-25+Probe was degraded.

For the other solutions containing the Reporter hairpin of Sensor-25 (100 nM Reporter-25
and 100nM Reporter25+Probe+Analyte solutions) the decrease in CyS5 signal was expected
because the DNasel can degrade the dsSDNA hairpin stem and separate the donor and acceptor

dye. Ultimately these changes in signal represented a false negative because the Reporter hairpin
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would form due to the presence of the analyte, and the signal would be turned back OFF after

DNasel degradation of the Reporter hairpin.

There was no significant change in Cy5 signal due to DNasel degrading the DNA-
Reporter+Probe complex (Figure 4B). In solutions containing the Reporter hairpin (100 nM
Reporter-25 and 100nM Reporter25+Probe+Analyte solutions), the decrease in signal indicates
DNasel degraded the DNA-Reporter hairpin. The incorporated PEG spacer further eliminated
false signals from all test cases with DNasel (Figure 4C). The data provides evidence that adding
the Probe stem and internal PEG to the Reporter resulted in a more robust biosensor that was less

susceptible to false signals from DNasel damage.

A 6000
34000
°
32000
30000
i Sensor
C 28000 ° *
2 #Sensor +DNase1
£ 26000 é
*
24000 +
22000 *
* .
20000
100 nM Reporter- 100 nM Reporter- 100 nM Reporter-
25 25 + Probe 25 + Probe +
Analyte
B 100000
°
90000 x
‘ }
80000
> 70000 ®
= *
2 50000 ¢ Sensor
2 #Sensor +DNase1
£ 50000 Y
40000
30000
20000
100 nM DNA- 100 nM DNA- 100 nM DNA-
Reporter Reporter + Probe  Reporter + Probe +
Analyte
C 90000
80000
70000
>
K] 60000 ; Sensor
£ 50000 #Sensor +DNase1
40000
30000 é
20000
100 nM DNA+PEG- 100 nM DNA+PEG- 100 nM DNA+PEG-
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Analyte
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Figure 4: Signal response of 3 biosensor designs due to DNasel, mostly a dsDNA
endonuclease. (* p<0.05, N = 3) Gray filled circles denote the signal from the sensor, and the
black filled diamonds denote the sensor’s signal after exposure to DNasel. (A) All Sensor-25
samples showed a decrease in the Cy5 intensity due to DNasel. Sensor-25, outlined in red, did
not have a 3’ Probe stem nor Reporter internal PEG. (B) DNA-Reporter+Probe samples, outlined
in blue, showed no change in signal due to DNasel. This indicated that the addition of a Probe
stem mitigated false signals from DNasel degradation. However, solutions containing the DNA-
Reporter hairpin, showed a decrease in Cy5 signal. (C) There was no change in signal of the
DNA+PEG-Sensor solutions, outlined in green. Adding a Probe stem and Reporter PEG spacer,
further mitigated DNasel related false signals. Error bars represent the standard deviation
between 3 trials, and some are hard to see. All samples were excited at 945 nm.

Limits of Detection

Given that CyS5 intensity increased as analyte was added, the limit of detection was calculated as:

Where ‘Iz.p’ was the intensity of Cy5 from the 100nM Reporter+Probe solution, 'm' was the slope
of the calibration curve, 'b' was the y-intercept, and 'c' was the standard deviation of I.p. The limits of
detection and calibration curves for the DNA-Sensor and DNA+PEG-Sensor are in SI Table S2
and Figure S6. Both the sensors demonstrated ~ 6 nM detection limits in MCF-7 cell lysate.
These LOD were consistent with LODs of our previous biosensors and those for similar
biosensors in the literature’ indicating the Probe stem and internal PEG spacer did not impact the
biosensors’ abilities to detect RNA. As previously noted, depending on the cell, microRNA are
believed to range from 1.66 pM to 83 nM in situ. Although the LOD presented here is at the
upper end of the biologically relevant range, we have shown in previous work that lower LODs

are achievable with lower sensor concentration and longer integration times.
Conclusions:

The biosensor with both a Probe stem and internal PEG spacer showed complete
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mitigation of false signals due to DNasel endonucleases and relevant off-oligonucleotide
bindings. The results from the DNA+PEG-Reporter+Probe biosensor (also known as
DNA+PEG-sensor) demonstrate the feasibility for future work in complex biological samples.
The findings presented here are part of an ongoing effort to design selective and robust biosensor
for intracellular analysis of small non-coding RNAs (small ncRNA). Highly selective RNA
biosensors are necessary for small ncRNAs because they belong to families that often have
similar sequences. Additionally, there are numerous reports that have established that in situ
capabilities of NA biosensors are limited by vulnerability to hydrolysis by endogenous

14.1629.35 "Pyrther studies are needed to determine the relevant nuclease profile of the

nucleases
intended cell lines for future analysis. This will be important for determining if the unmitigated

degradation by S1 nuclease is a significant concern for potential work in biological samples.

Currently we are investigating methods to transfect the sensor into cells for future in situ
sensing. Due to the hydrophobic structure of PEG, there is potential that the internal PEG spacer
will enable the biosensor to diffuse more easily across the cell membrane. However, changing
the biosensors hydrophobicity could possibility lead to unwanted interactions with other
hydrophobic molecules in situ; this would be especially concerning in cells with a high lipid
content, where the lipid molecules may coagulate around the sensor and impede interaction with
the analyte. Further studied are needed to determine if addition of the PEG results in unwanted

hydrophobic interactions.

We recently published on a multi-input nucleic acid (NA) biosensor that can detect a
combination of 3 small ncRNAs**. The design principals and chemical changes made here can be
applied to the multi-input sensor, in addition to other types of NA-based biosensors. In general,

adding an internal PEG spacer to a biosensor constructed of NAs is likely to reduce false signals
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from off-analyte interference and endonuclease damage making the sensors more robust and well

suited for in situ analysis.

oNOYTULT D WN =

9 The advancements reported here are steps toward monitoring small ncRNAs in complex
11 biological medias. Combined with the commercial availability and low cost of sequence-specific
13 oligonucleotides, these results show promise to improve the applicability of NA-biosensors in
crude cell lysate, crude tissue grounds, serum, and inside cells and tissue. The ability to

18 sensitivity and specifically measure RNA expression will make it possible to better understand,
20 diagnose, and track the progression of a myriad of diseases. As the demand for robust sensors
continues to rise, it is highly probable that our contribution will be one of many developments

25 that lead toward improved in sifu sensing.
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